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Thrombopoietin and Platelet Development
KENNETH KAUSHANSKY, MD, Seattle, Washington

Blood cell production, termed hematopoiesis, is a

complex process dependent on bone marrow stro-
mal cells, polypeptide growth factors, and primitive
stem and progenitor cells.",2 Pioneering work in the early
and mid- 1960s suggested that marrow contains undiffer-
entiated cells that develop into the mature blood
elements.35 Over the ensuing 30 years, a number of sol-
uble and membrane-bound polypeptides have been
characterized that support the survival, proliferation, and
differentiation of primitive marrow cells into erythro-
cytes, neutrophils, eosinophils, basophils, monocytes or

macrophages, and lymphocytes. Nearly all of these mol-
ecules have been cloned.

In more recent years, the availability of these recom-

binant cytokines and purified hematopoietic progenitors
has led to the concept that stem cells are supported by
two types of growth factors, one that acts on several types
of primitive progenitor cells and one that acts specifical-
ly on a single lineage late in its developmental pathway.
For example, erythrocyte development is thought to be
supported by the early action of stem cell factor (also
called steel factor, kit ligand, and mast cell growth
factor)6 and erythropoietin, which acts to induce the ter-
minal phases of erythrocyte development.! For neu-

trophils, interleukin (IL) 3 or granulocyte-macrophage
colony-stimulating factor (CSF) and granulocyte (G)-
CSF appear to fill these early and late supportive roles.8"'
Many of these cytokines, especially the late-acting hor-
mones erythropoietin and G-CSF, have found important
clinical roles in the stimulation of erythrocyte and leuko-
cyte production in states of natural and iatrogenic marrow
failure."'2 Unfortunately, the cytokines responsible for
megakaryocyte and platelet development have been more

difficult to identify.
In the late 1960s and early 1970s, several investiga-

tors showed that the plasma of thrombocytopenic ani-
mals contained a substance that induced an increased
uptake of selenium 75- or sulfur 35-labeled methionine
into the platelets of normal recipients, a process thought
to represent new platelet production. This substance was

called "thrombopoietin" and appeared to support the late
stages of megakaryocyte maturation.'3'4 The marrow of
recipient animals was characterized by increases in
megakaryocyte size and polyploidy, rather than by
changes in cell number. Despite this early progress, the
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subsequent steps of biochemical purification and cloning
of thrombopoietin proved elusive. Using in vivo assays or

surrogate in vitro methods, several investigators in the
mid-1980s were able to partially purify a thrombopoietic
material from thrombocytopenic plasma.'5-'8 Such prepa-

rations could recapitulate in vivo findings; the partially
purified material induced megakaryocyte ploidy and
cytoplasmic maturation in suspension cultures of rodent
megakaryocytes. Unfortunately, none of these studies led
to a purification of thrombopoietin sufficient to provide
the amino acid sequence.

By adapting many of the techniques useful for
myeloid and erythroid cell culture, several investigators
established that megakaryocyte production could be sup-

ported in serum or plasma containing cultures by IL-3"9
and to a lesser extent by stem cell factor.' Both of these
cytokines appeared to act early in the developmental
process; cell numbers were increased, but in the absence
of plasma, megakaryocytes failed to mature. These
results suggested that IL-3 or stem cell factor (or both)
was the early acting factor(s) for megakaryocyte devel-
opment, but that plasma contained a distinct substance
responsible for megakaryocyte maturation.21 These con-

clusions were consistent with results from studies of
plasma thrombopoietin. Despite this greater understand-
ing of the characteristics of megakaryocyte and platelet
development, investigators were no further along in
cloning a distinct thrombopoietin. Many in the field
began to think that if modem technology could not clone
it, it did not exist.

In the late 1980s and early 1990s, several cytokines
were identified that displayed pleotropic biologic activi-
ties including effects on megakaryocyte production.
Interleukins 6 and 11 and leukocyte inhibitory factor all
were shown to augment megakaryocyte formation in
response to IL-3 or stem cell factor.22` Moreover, these
cytokines appeared to affect megakaryocyte maturation,
causing increases in cell size and ploidy both in vitro and
in vivo. Although it was clear that neither IL-6 nor IL- I

was the thrombopoietic substance identified in plas-
ma, 25. many in the field began to think that together these
pleotropic cytokines might play the role of a throm-
bopoietin, further reinforcing the growing suspicion that
a distinct lineage-specific megakaryocyte maturation fac-
tor did not exist. If so, however, megakaryocyte and
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ABBREVIATIONS USED IN TEXT
CSF = colony-stimulating factor
G-CSF = granulocyte colony-stimulating factor
IL = interleukin

platelet development was organized in a far different way
from erythrocyte or leukocyte production.

Occasionally in science, findings from one field,
although interesting and important in their own right, have
a profound catalytic effect on a seemingly unrelated area
of research. Work with the murine retrovirus MPLV had
such an effect on megakaryocytopoiesis. In the late 1980s,
a retroviral complex was described that induced an acute
myeloproliferative syndrome in recipient mice.27 In 1990
the transforming gene responsible for the disease was
identified,' and the corresponding human proto-onco-
gene, c-mpl, cloned from human erythroleukemia cells in
1992.9 On the basis of spatially conserved cysteine
residues and a pentapeptide juxtamembrane sequence,
features characteristic of a large number of growth factor
receptors,30 it was suggested that c-mpl encoded a
cytokine receptor. The ligand for the polypeptide was not
known, however; c-mpl encoded an orphan receptor.

Based on its cell of origin, a biphenotypic leukemia
that can be induced to display megakaryocytic features,3'
we and others hypothesized that c-mpl might encode the
thrombopoietin receptor. On* this basis, many groups
sought to clone its ligand. Additional data emerged sug-
gesting that this hypothesis was correct. First, c-mpl
expression appeared to be limited to normal megakary-
ocytes, their precursors, or their progeny.2-" When a
group of leukemic cell lines was surveyed for c-mpl
expression, only those that displayed characteristics of the
megakaryocytic lineage were found positive.32 Next,
genetic engineering of a hybrid receptor composed of the
IL-4-receptor extracellular domain and the intracellular
domain of c-mpl functioned to transmit a proliferative sig-
nal in a leukemic cell line.33 This result confirmed that c-
mpl encoded a growth-promoting receptor. But the
strongest evidence that c-mpl and its ligand functioned in
megakaryocyte development came from studies in which
c-mpl expression was interrupted. By using antisense
deoxyoligonucleotides, investigators showed that
megakaryocytic, but not erythroid or myeloid, develop-
ment of highly selected marrow progenitor and stem cells
was markedly reduced if c-mpl expression was inhibited.'
With these data as further validation of the hypothesis,
work progressed at a frantic pace. Within two years of the
cloning of c-mpl, five separate groups, using at least three
distinct strategies, reported the sequence of the mpl lig-
and.35' The recombinant protein displayed all of the activ-
ities proposed for thrombopoietin.

Using the murine protein, we were able to show that
the mpl ligand increased megakaryocyte size, ploidy, and
surface membrane expression of platelet-specific glyco-
proteins.'4 Moreover, when administered to normal mice,
the protein substantially increased the number of marrow
and splenic megakaryocytic progenitors, megakary-
ocytes, and peripheral blood platelets.35' Qualitatively

similar results have been reported using the human
homologue.3-77-9 Other workers demonstrated that levels
of the plasma mpl ligand were inversely related to
platelet mass," a finding later confirmed and extended by
others.4"43 Although thrombopoietin was not originally
thought to stimulate the proliferation of megakaryocytic
progenitor cells, the mpl ligand was found to be a potent
stimulus of megakaryocyte colony formation. More
recently, the elimination of c-mpl expression in geneti-
cally engineered mice and studies using a soluble,
neutralizing form of the receptor have shown that throm-
bopoietin is essential for normal megakaryocyte and
platelet development."44 Together these findings clearly
establish that the mpl ligand is identical to plasma throm-
bopoietin. To paraphrase Descartes, "It has been cloned;
therefore, it exists."

As expected from this discussion of its history, throm-
bopoietin appears to play an important physiologic role
in platelet homeostasis. With the use of a biologic assay,
it has been shown that during the course of bone marrow
transplantation, thrombopoietin levels are inversely relat-
ed to the peripheral blood platelet count.42Moreover, in a
number of other thrombocytopenic disorders (including
idiopathic thrombocytopenic purpura), plasma throm-
bopoietin levels are elevated. The precise inverse rela-
tionship between plasma levels of thrombopoietin and
the platelet count has led some investigators to propose
that platelets regulate the levels of the hormone responsi-
ble for their production.'4 Because these data are based on
biologic assays of thrombopoietin activity in which
platelet-derived inhibitors of thrombopoietic activity
could mask the true levels of the hormone, additional
studies are required to validate this model. If correct,
however, it would appear that thrombopoietin is regulat-
ed by some of the same mechanisms proposed for the
regulation of macrophage CSF, the cytokine responsible
for monocyte and macrophage development.4"

Thrombopoietin is expressed in many tissues.
Northern blot analysis has demonstrated specific mes-
senger RNA in liver, kidney, muscle, and several other
tissues.3S536A7 This widespread distribution seems to be due
to its expression in fibroblasts and endothelial cells
(unpublished observations),47 components of the stroma
of all organs. Whether its expression is regulated in one
or many of these organs, however, is currently under
intense study. Congenital deficiency of the hormone may
exist; amegakaryocytic thrombocytopenia is a candidate
for such a disorder. Whether an acquired state of Tpo
deficiency exists, akin to erythropoietin deficiency in
renal failure, awaits further study.

Like the clinical successes of erythropoietin and G-
CSF, maturation factors for erythrocytes and neutrophils,
respectively, thrombopoietin is envisioned to play an
important clinical role in states of natural and iatrogenic
marrow failure. Toward this end, preclinical trials of the
agent have been under way for the past year. Using a com-
bined chemotherapy and radiation protocol that induces
profound but nonlethal pancytopenia in mice, we have
shown that the daily administration of thrombopoietin
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speeds the recovery of platelet counts by nearly two
weeks." In a lethal model of pancytopenia, it has been
shown that thrombopoietin reduces mortality primarily
through a favorable effect on platelet recovery.49 Studies
have been extended to dogs and nonhuman primates. For
example, it has been shown that thrombopoietin nearly
eliminates radiation-induced thrombocytopenia in
baboons.' None of these studies have reported any acute
or chronic toxic effects. From these studies, it is likely that
thrombopoietin will effectively reduce the thrombocy-
topenic complications of aggressive chemotherapy. Based
on these favorable results, clinical trials of the agent are
now beginning in patients with cancer. We may be on the
verge of a new era of aggressive therapy for cancer.
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